Mating and reproduction behaviors and strategies are fundamental aspects of an 16 organism's evolutionary and ecological success. In locusts, intra-as well as inter-phase 17 reproductive interactions among gregarious and solitarious locust populations have a 18 major impact on the locust population dynamics. However, practically all previous work on 19 locust sexual behavior has been limited to the gregarious phase. Here we provide a first 20 detailed description of pre-copulatory behavior of solitarious desert locusts. We compare 21 our findings with those of previous reports of pre-copulatory behavior of gregarious 22 locusts, focusing on the behavioral elements that serve in inter-sex signaling and 23 communication. We also studied inter-phase (mixed pairs) reproductive interactions. 24
Introduction 40
The desert locust (Schistocerca gregaria) presents a remarkable example of 41 environmentally-induced behavioral plasticity: changes in population density dramatically 42 alter this locust's behavior. The major behavioral characteristic of locusts in the 43 gregarious phase is that of their strong attraction to conspecifics, which translates to 44 active aggregation behavior (Ellis, 1959; Ellis, 1963; Uvarov, 1966) . Gregarious locusts 45 are also generally more active, featuring a strong propensity to march in huge bands of 46 hoppers and form high-density swarms of reproductive adults (recent reviews in Ariel & 47 Ayali, 2015; Cullen et al., 2017) . In contrast, solitary-reared locusts (or locusts from 48 solitarious field populations) actively avoid contact with other locusts (Roessingh et al., 49 1993; Geva et al., 2010) , are more sedentary and cryptic in behavior, do not march, and 50 fly less. Phase transformation is a positive-feedback process. The importance of the 51 change in behavior is that it precedes and facilitates all other phase-changes, from 52 biochemistry and physiology to coloration and morphology (Ariel & Ayali, 2015; Cullen et 53 al., 2017) . 54
Similar to other species demonstrating population cycles (or fluctuations), key factors 55 that affect the dynamics of locust populations are those of mating and reproduction 56 strategies and behaviors. Hence, reproductive success is closely tied to the risks of 57 locust outbreaks (Farrow, 1979; Topaz et al., 2012) . Acquiring an understanding of these 58 dynamics calls for an initial in-depth knowledge of the mating and reproductive behavior 59 of locusts. Locust courtship, in general, is considered simple and primitive (Loher, 1959; 60 Uvarov, 1966 60 Uvarov, , 1977 Strong & Amerasinghe, 1977) . Males of S. gregaria were reported 61 to be more dominant during sexual-interactions, while females were reported to show 62 no clear courtship behavioral patterns (Norris, 1954; Pener, 1965 Pener, , 1967 Strong & 63 Amerasinghe, 1977; Amerasinghe, 1978; Inayatullah et al., 1994; Golov et al., 2018) . A 64 major feature of the female locust sexual behavior was reported to be rejection of the 65 males: including jumping (before and during mounting), kicking, and movements of the 66 abdomen to prevent copulation (Loher, 1959; Strong & Amerasinghe, 1977; Uvarov, 67 1977; Golov et al., 2018) . We recently provided a first comprehensive description of the 68 pre-copulatory behavior of the gregarious desert locust (Golov et al., 2018) , presenting a 69 detailed quantification of the sexual behavior of both sexes, with special emphasis on 70 female choice. 71
The above-noted study by Golov et al. (2018) , however, as well as most of the above-72 mentioned earlier work, was limited to locusts in the gregarious phase (but see 73 Inayatullah et al., 1994) . In the gregarious phase, the desert locust displays clear sexual 74 dimorphism, in which fully mature males are bright yellow and females beige-brown to 75 yellowish (Norris, 1954; Pener, 1965; Pener & Simpson, 2009 ). In accordance with this, 76 it has been assumed that visual cues are a primary means of sexual recognition and 77 pre-copulatory communication in the gregarious locust (Whitman, 1990; Obeng-Ofori et 78 al., 1993; Inayatullah et al., 1994; Ely et al., 2006) . Sexual dimorphism is much less 79 pronounced in the solitarious phase of the desert locust. Very limited knowledge is 80 available regarding sexual recognition and communication, as well as courtship and 81 mating behavior of locusts in the solitarious phase. For example, Tanaka et al. (2003) 82 reported that in isolated-reared adult migratory locusts (Locusta migratoria) the pre-83 copulatory mounting tends to be shorter than that of crowd-reared ones, while the 84 opposite is true for the length of copulation. In the desert locust, as in all true locust 85 species, the fundamental differences in life history between the two phases are expected 86 to result in major differences in courtship and pre-copulatory behavior. Density-87 dependent phase differences can be predicted in all stages and aspects of the behavior, 88 from mate finding and mate recognition, through pre-mounting courtship, to mate choice 89 and sexual conflict. 90
A practically unexplored question of interest, as well as of importance for our 91 understanding of locust population dynamics, is that of the existence and nature of inter-92 phase reproductive interactions. Locust populations of mixed phase or, alternatively, 93 sympatric populations of gregarious and solitarious locusts, can be found during periods 94 of transition, i.e. in recession areas, during periods of increasing populations, or in 95 migration areas during the breakdown of a swarm (e.g. Tanaka et al., 2010) . As noted, 96 density-dependent variations are expected in locust reproductive behavior. Alternative 97 reproductive strategies or tactics are accepted to be aimed at increasing the players' 98 relative reproductive success. However, the interactions of some reproductive 99 phenotypes may restrict gene flow within the species (e.g. assortative mating; In the current work we set out to present a comparative, detailed description of pre-105 copulatory behavior of male and female desert locusts in the solitarious phase. We Adult locusts used in all experiments were virgin males and females. Gregarious virgin 129 adults were obtained by marking newly-emerged adults with non-poisonous acrylic paint 130 within 24 hours following ecdysis. Males and females were separated into single-sex 131 "cohort cages" every 3 days. Thus, in each cohort cage the maximum age range of the 132 individual locusts was less than 72 hours. The cages were maintained under the same 133 rearing conditions as above. Based on our preliminary work and previous reports 134 mature at 12-14-days-old in males (when the yellowish coloration had reached stage V ; 137 see Norris, 1954; Loher, 1961) , and at 18-20 days-old in females. The maturation period 138 is longer in solitarious locusts than in their gregarious counterparts (Norris, 1954; Norris, 139 1962; Pener, 1976; Amerasinghe, 1978) ). Hence, the age of solitarious experimental 140 animals of both sexes was 30-32 days. 141
Experimental design 142
Experiments were carried out as described by Golov et al. (2018) . Briefly, a male and a 143 female locust, in the solitary phase, were introduced into the two sides of an observation 144 cell (14x13x24 cm, divided in two by an opaque plastic partition). Five minutes after 145 introducing the locusts into the cell the experiment was initiated by carefully removing 146 the partition between the compartments, and replacing an initial red light illumination with 147 two regular 25 W light bulbs. Experiments lasted up to 3 hours, or until copulation had 148 occurred, if earlier, and were recorded by a SONY HDR-PJ820E video camera. 149
Mixed inter-phase experiments examining the interactions between the phases were 150
conducted in a similar manner as the above, with either a solitary female and a 151 gregarious male or a gregarious female and a solitary male introduced into the cage. 152
Data analyses 153
The recorded videos of the behavior of each pair were reviewed and analyzed using 154 BORIS software (Friard & Gamba, 2016) . Data analyses mostly followed the detailed 155 description provided by Golov et al. (2018) . In brief, behavioral elements were identified 156 in order to describe the locusts' pre-copulatory behavior. These included both repetitive 157 (prolonged, e.g. the vibration of the hind leg femur) and discrete (momentary, e.g. 158 jumping) behaviors. The two behavioral types were counted, with a 'count' relating to the 159 duration of a behavior from initiation until termination. Behavioral measurements were 160 taken only if the male and female were at a distance of less than 10 cm (depicted as an 161 'encounter'). For both pre-mounting and mounting behavioral elements, the following 162 parameters were measured and compared for both sexes: (1) In order to obtain the 163 pattern or chronological sequence of the behavioral repertoire, the relative latency to 164 initiation of each behavior was noted (relative to the total time of the relevant stage, 165 either pre-mounting or mounting). with Bonferroni adjustments as required (for multiple comparisons). 178
Results

179
We first set out to obtain an in-depth comparative description of the pre-copulatory 180 behavior of male and female locusts in the solitarious phase (N=26 pairs). Figure 1  181 presents, in a simple and schematic manner, the consecutive stages (S1-7) leading from 182 first encounter to copulation of a solitarious locust pair, divided into the pre-mounting and 183 the mounting stages. In Supplementary Figure 1 we detail the behavioral elements 184 comprising each stage, as well as the probability of each element to occur (PO), 185 separately for males and females, in a similar manner to that used to describe the 186 gregarious locusts' behavior in Golov et al. (2018) (see Fig.1 
therein). 187
In order to facilitate a comparative investigation of phase-related differences in pre-188 copulatory behavior, we focused our attention on those behavioral elements that we 189 consider fundamental for inter-sex communication (Figs. 2 and 3; raw data for the 190 gregarious locusts are mostly those found in Golov et al., 2018. N=31; Note that the 191 current study included the behavioral data of all pairs tested, unlike Golov et al., 2018 192 that presented only data from experiments that culminated in successful copulation). 193
Generally, the major phase-related differences were manifested in the pre-mounting 194 stage (cf. Figs 2 and 3 with the different stages noted in Fig 1S) . As demonstrated in 195 Figure 2A , solitarious males showed a much higher prevalence of leg vibrations and 196 wing stridulations (see also Figure S2 interactions was manifested by their higher tendency to walk away during pre-mounting 202 (compared to their gregarious counterparts). No phase-related preference was 203 observed for the mode of attempting to mount the female (by way of climbing or jumping; 204 Fig. 2B ). Using the wings for signaling (i.e. short and long wing stridulation during pre-205 mounting) was found to be a characteristic behavior of the solitarious females, almost 206 never demonstrated by gregarious ones (Fig. 3A) . A major phase-dependent difference 207 was observed in behavioral elements associated with female rejection, which were much 208 reduced in solitary females ( Fig. 3B; Fig S3) . respectively). The solitarious males were still greatly preoccupied with leg vibration and 214 wing stridulation, also when encountering a gregarious female; while the gregarious 215 males still displayed intense slow repetitive elevation of their legs also towards a 216 solitarious female (Fig. 4A) . Again, the solitarious females displayed intense wing 217 stridulation, as well as reduced rejection-related behavioral patterns, compared to the 218 gregarious ones (Fig. 5A ). Most importantly, the two types of inter-phase pairs differed 219 greatly in the rate of successful copulations ( shown for the migratory locust (Oberlin, 1973) , and which is assumed to be a 247 characteristic of most Catantopinae (Otte, 1970) . Strong et al. (1977) also suggested 248 that limited male courtship is a characteristic of gregarious populations that experience 249 strong intra-male competition. The gregarious females' pre-copulatory behavior is mainly 250 expressed by behavioral patterns aimed at rejecting the males (e.g. jumping and kicking, 251 bending the abdomen: (Popov, 1958; Loher, 1959; Strong & Amerasinghe, 1977; Golov 252 et al., 2018) , as known for most Catantopinae (Otte, 1970; Golov et al., 2018) . 253
In marked contrast, the solitarious locusts' life history involves very different and major 254 challenges in the path to successful mating and reproduction. These include: (1) locating 255 a mate: while both male and female solitarious locusts may participate in mate location, 256 it is accepted that it is mainly the males that are faced with the challenge of searching for 257 and locating the females in a scarce population (Ely et al., 2006; Maeno et al., 2016) ; 258
(2) sex recognition: this is not straightforward, since sexual dimorphism is very limited in 259 the solitarious locusts compared to the gregarious phase (Norris, 1954; Pener, 1967;  to mounting are not common among Catantopinae (Otte, 1970) . Consistent with our 277 hypothesis of a need for continuous reinforcement of the contact between the male and 278 female, high level stridulation and leg vibration in the solitarious pairs were also 279 extended into the mounting stage. 280
Evolution and sexual selection must have conveyed reproduction-related "benefits" for 281 locusts in the solitarious phase that balance the above-detailed obstacles. These include 282 greatly reduced intra-sex competition, and, as evident from our practically null 283 observations of female rejection, little mating-related inter-sex conflict. It is possible, 284 however, that the balance of obstacles vs. benefits differs for the solitarious desert locust 285 males and females. The limited male-male competition probably leads the solitarious 286 males to demonstrate limited intra-sex signaling, reduced assertiveness, and a general 287 "low key" pre-copulatory behavior. On the other hand, solitarious females are tolerant, or 288 even highly receptive during pre-mounting courtship, demonstrating very limited 289 rejection-related behaviors throughout. Therefore, in respect to mating and reproduction, 290 solitarious males and females may have different strategies. Such a sex-dependent 291 strategy will have profound effects on the phase-related population dynamics, a point 292 that should be further investigated both experimentally and in theoretical modeling. phase-specific pre-copulatory behavior when encountering a mate of the opposite 303 phase. This point is further reinforced when remembering that we have specifically 304 focused on behavioral patterns assumed to play a role in signaling and communication. 305
Hence, has evolution and sexual selection result in limiting gene flow between sympatric 306 solitarious and gregarious populations? A closer look at our results, again, suggests an 307 asymmetry: i.e. that this may only be relevant to mixed pairs comprising a solitarious 308 male and a gregarious female. Such a pair comprises "a male from Mars and a female 309 from Venus" (in paraphrase of Gray, 1992), i.e. a pair with very different and far from 310 complementary courtship and pre-copulatory behavioral phenotypes, to the extent that 311 these profound differences may indeed serve to restrict inter-phase mating (as evident 312 by our finding regarding low copulation success rates in such pairs). In marked contrast, 313 the reciprocal pair, i.e. a gregarious male and a solitarious female, present a 'tight 314 match' of two assertive and receptive counterparts, promoting rapid and high mating 315
rates. Inter-phase sexual interactions may, therefore, be a case of asymmetrical sexual 316 isolation (Arthur & Dyer, 2015). One outcome of the above may be an enhanced 317 recruitment of solitarious females to a newly-formed gregarious group or a swarm 318 passing by in an area inhabited by a solitarious locust population. Under specific 319 conditions this can even constitute a mechanism for increasing the size of the swarm 320 and escalating a locust outbreak. 321
The above findings may also assist in resolving a longstanding puzzle in the locust among desert locust recession populations was also reported (Ibrahim et al., 2000) , 328
suggesting that meta-population dynamics could produce genetic divergence among 329 highly scattered populations (Ibrahim, 2001 ). In addition, in the migratory locust, Locusta 330 migratoria, an homogenizing effect of past swarm events on solitarious populations was 331 reported (Chapuis et al., 2009). Our currently reported results, suggesting an additional 332 layer of complexity in phase dynamics related to phase differences in mating and 333 reproduction behavior as well as to intra-phase sex-dependent differential strategies, 334 may aid in resolving such inconsistencies in solitarious desert locust population 335 dynamics. For example, an inclination of solitary females to mate with gregarious males 336 will allow a traveling group of gregarious locusts to serve as an instrument of genetic 337 homogenization of remote solitarious populations. These ideas call for further research 338 in the lab as well as in the field. 339 340 Acknowledgments 341
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